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I.

Abstract
Small satellites such as CubeSats operate under environmental constraints that are outside

of typical commercial specifications. Such constraints include the ability to operate over an
extended temperature range and during exposure to ionizing radiation. Nevertheless, commercial
technologies are being implemented in CubeSat spacecraft because of the low-cost, low-power,
and space savings requirements often achievable with advanced microelectronics [1]. Due to
flexibility and the ability to handle uncertainty, fuzzy logic is viable for satellite control while
meeting the strict design requirements of a CubeSat. This work evaluates the response of fuzzy
control logic to ionizing radiation and compares the response to that of conventional systems.
Fuzzy logic operates on multiple truth values which vary within the range of 0 and 1, as
opposed to Boolean logic’s precise, two-variable system. Fuzzy systems utilize “if-then”
statements, known as membership functions. These allow for terms such as “moderately” or
“slightly,” to be utilized, permitting flexibility within the system. As such, fuzzy logic shows
promise in robotics and mechanical control systems due to the ability to handle uncertainty and
non-linearity. Thus, fuzzy logic electronics are a candidate for small satellite control
mechanisms, creating the potential for radiation hardened control systems that take advantage of
the low-power and space savings achievable by modern electronics technologies.
A common effect of ionizing radiation is single event effects (SEEs). SEEs generally
result in erroneous transient behavior following the interaction of single ionizing particles with
semiconductors. Little is known about the response of fuzzy logic systems to such effects. This
work aims to evaluate the effects of SEE on a fuzzy logic small satellite attitude controller,
describe the mechanisms of vulnerability, and compares the response to standard controller
designs.
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II.

Introduction
A.

Radiation Effects

In space, it is vitally important for satellites and other spacecrafts to have the ability to
operate under extreme environmental conditions, such as extremely low temperatures and
radiation effects, which can cause a plethora of issues. One common issue is that due to the
interaction of single ionizing particles with semiconductor material, known as a single event
effects (SEE’s). Electronics embedded on spacecrafts are exposed to ionizing radiation
originating from solar flares and galactic cosmic rays. Additionally, protons trapped in Earth’s
radiation belt also cause single event effects. The ionizing particles generated from radiation
penetrate sensitive nodes in electronic devices, which can result in transient signals that can
propagate to storage elements and be latched into memory causing erroneous data. Although the
chance of one ion causing an SEE is small, there can be a large number of ions that pass through
electronics in one of these rays. A common SEE is known as a single event transient (SET),
which forms when a single event creates voltage pulses at a circuit node that travel throughout
the circuit. Another common effect is a single event upset (SEU), in which a bit in the processor
memory is flipped.
Figure 1 demonstrates how a four-bit ALU reacts to an SET, the focus of this research.
ALU’s are digital logic circuits that perform arithmetic and logical computations of binary
numbers, and they are used as a fundamental building block for different processors [2]. Even
one slight error or misinterpreted signal can negatively affect the system as a whole, causing
anywhere between simple, inconvenient system responses to entire system failures. The path of
the SET depends on the active combinational path at any point in time of the system. As seen in
the figure, the transient signal attempts to pass through multiple gates, but are blocked as the
6

current state does not have that path available; this process is known as logical masking [2]. Yet,
in Figure 1, the signal finds a path it is able to travel through, propagating throughout the circuit
and creating the transient error. The SET must also pass through the system during its window of
vulnerability, as shown in Figure 2, or the SET will not be captured by the latch; this is known as
temporal masking [3]. The window of vulnerability is the small window of time during the clock
transition, and the single event transient must pass through during this time. Despite the small
window of vulnerability, these upsets can occur multiple times a day.

Figure 1 Example of how a single event transient propagation affects a gate level diagram of a 4
bit ALU.
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Figure 2 Temporal masking of a single event transient.
Simulating the effects of single event effects on electronics can be performed through the
use of fault injection methods [4 and 5]. As the ionizing particles delivered by radiation rays
penetrate electronics, the ions can excite nodes located throughout the electronics, creating signal
error transients that propagate throughout the system, known as the SET’s mentioned earlier. By
injecting transient voltage pulses into the control system and measuring the system’s response,
effective single event effect recovery can be simulated.
In addition, Cheynet, et. al first published a simulation study on the effects of radiation in
fuzzy systems on a Mars rover in 1998 [6]. The study that more membership functions are liable
for larger errors in response to SEU’s, creating a need for enough membership function to have
good accuracy, but not enough to create more issues than necessary. The study also demonstrated
that fuzzy controllers have a 33% improvement in robustness; that is, they determined that 33%
of the bits of the fuzzy controller can be flipped to simulate an SEU with no effect on the
controller.
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B.

Fuzzy Logic

Boolean algebra is the fundamental basis of all digital electronics. It utilizes a form of
logic with two the variables: 0 and 1, signifying false and true. In contrast, fuzzy logic operates
on multiple truth values which vary within the range of 0 and 1. Lofti Zadeh developed fuzzy
logic in 1965 [7]; unfortunately, he was ridiculed for his creation, and fuzzy logic did not find
much use until the late 1980s, when Japan bolstered the applications of fuzzy logic. Since then,
its use has been more widely accepted and adopted in a variety of different applications. Some of
the largest appeals of fuzzy logic is its flexibility and ease of implementation due to fuzzy logic’s
operation on partial truth variables: rather than being on or off, the system can be mostly on or
mostly off. These variables allow for terms such as “moderately” or “slightly,” to be utilized,
permitting that flexibility within the system. The inputs and outputs of fuzzy logic are related
with “if-then” statements known as membership functions. One of the most important factors to
consider with fuzzy systems is that they are only as “smart” as the user. So, the relations with the
membership functions, the amount of membership functions, and the amount of input and output
variables are defined by the programmer.
Figure 3 shows an example of an automatic air conditioning (A/C) and heater system’s
fuzzy membership functions. The overall output state (e.g. low, medium, high) is determined
through the measured temperature’s “membership” within each function (e.g. cold, warm, hot).
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Figure 3 Fuzzy A/C and Heater Membership Function Example
The above membership functions are then put through a series of rules decided by the
user which define the fuzzy system as a whole. An example of this can be seen below, in which
the temperature can be defined on three of the above states, and the output variable can be
defined on heater and A/C settings:


If the temperature is cold, then the heater is on and the A/C is off.



If the temperature if warm, then the heater and the A/C are off.



If the temperature if hot, then the heater is off and the A/C is on.
The controller logically decides how much the input variable is a part of each

membership function and outputs a state based on the decided states. Figure 3 also shows an
example of a possible read temperature with the black line intersection the membership functions
on the right. Assuming that temperature is 90° F, a possible reading of the different membership
functions could be that the temperature is very hot, not very warm, and not cold at all: about 0.8
hot, 0.2 warm, and 0 warm. The controller will decide what output to respond with based on this
reading.
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As previously mentioned, one of the larger issues in fuzzy logic systems is that they can
only be as smart as the user, as the user must define the relationships between the input and
output variables. The example given above can easily be defined better or worse in regards to the
amount of membership functions, rule relations, or input and output variables for either a more
or less accurate system. Another important factor to take into consideration is that fuzzy logic
controllers are generally not as accurate as their standard commercial counterparts. When
deciding to use a fuzzy controllers, it is important that the desired solution is “good enough,” not
the most optimal.

III. Methodology
A.

Attitude Control Method

Spacecraft orientation, or attitude, often needs to control for a variety of reasons. Attitude
control controls the orientation of the spacecraft with respect to a frame of reference or another
object. In larger satellites and rockets, attitude control is most commonly found in the form of
thrusters and reaction wheels, which involve calculating the smallest amount of force necessary
for efficient fuel consumption and reaction wheels to stabilize the spacecraft. In smaller
satellites, it is more common to use magnetorquers and reaction wheels. Magnetorquers use
electromagnets to align the spacecraft with a magnetic field such as Earth’s. As a result, despite
their incredibly low energy consumption, magnetorquers are only viable within Earth’s orbit and
cannot provide fast rotational speeds. Magnetorquers are often used in tandem with reaction
wheel control to detumble the spacecraft’s orientation.
The focus of this research lies in reaction wheel attitude control. Reaction wheels are a
specific form of flywheel that take advantage of conservation of momentum to spin the
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spacecraft: as the reaction wheel spins in one direction, the spacecraft spins in the opposite
direction accordingly. Reaction wheels are generally the most often used form of attitude control
method for spacecrafts due to their appealing low power consumption and low weight [5]. For
larger spacecrafts, they are used in conjunction with thrusters. Three or more reaction wheels are
used to control the roll, pitch, and yaw of the vehicle. With three reaction wheels, each wheel is
mounted perpendicular to the desired control axis. Although adding an extra skew with a fourth
reaction wheel offers greater and faster control, failure of one wheel often leads to failure of the
other wheels [5]. The majority of reaction wheels incorporate internal brushless DC motors for
their greater torque, accuracy, and lack of noise. For attitude control, the orientation of the
CubeSat is taken into account with an inertial measurement unit (IMU).
The reaction wheel design chosen was based off comparing sizes of standard commercial
wheels and designs given by other research papers [8]. The wheel has raised edges to increase its
inertia on the edges. The calculations for moment of inertia are given by equations (1)-(3) below:
(1) 𝐼𝑡𝑜𝑡𝑎𝑙 = 𝐼𝑟𝑖𝑛𝑔 + 𝐼𝑑𝑖𝑠𝑘

(2) 𝐼𝑟𝑖𝑛𝑔 =

𝑚𝑟𝑖𝑛𝑔 (𝑟 2 𝑟𝑖𝑛𝑔 +𝑟 2 𝑑𝑖𝑠𝑘 )

(3) 𝐼𝑑𝑖𝑠𝑘 =

2
𝑚𝑑𝑖𝑠𝑘 𝑟 2 𝑑𝑖𝑠𝑘
2

𝐼𝑡𝑜𝑡𝑎𝑙 is the total moment of inertia of the reaction wheel, 𝐼𝑟𝑖𝑛𝑔 and 𝐼𝑑𝑖𝑠𝑘 are the moments
of inertia of the raised edge of the wheel and the disk portion of the reaction wheel. The mass
and the radius of the wheel and its corresponding portions are represented by m and r,
respectively.
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B.

PID Single-Axis Control

As a result of its ease of implementation, this project focuses on single-axis attitude
control. For single axis attitude control, Euler’s rotational equations of motion simplify to
(4) 𝐽𝜃̈ = 𝑢
with J representing moment of inertia of the CubeSat, 𝜃 is the axis angle, and u is the torque
applied to the system. This results in the s-domain open-loop transfer function seen below [1].
(5)

𝛳(𝑠)
1
= 2
𝑈(𝑠) 𝐽𝑠

PID controllers are a form of feedback controller that continuously calculates and adjusts
for the change in error of the desired input loop. This error change is calculated as a difference in
error from the desired point through the use of proportional (kp), integral (ki), and derivative (kd)
terms. Implementing a PID controller introduces a control response of
(6) 𝐺𝑐 (𝑠) = 𝑘𝑝 + 𝑘𝑑 𝑠 +

𝑘𝑖
𝑠

allowing for the closed-loop response of
(7)

𝑌(𝑠)
𝑠
= 3
𝐷(𝑠) 𝐽𝑠 + 𝑘𝑑 𝑠 2 + 𝑘𝑝 𝑠 + 𝑘𝑖

PID attitude control directly controls the DC motor used to spin the reaction wheel. The
controller interprets the data read by the inertial measurement unit (IMU) to determine the
CubeSat relative angle, and then either corrects itself or orients itself to the desired position.

C.

Fuzzy Attitude Control

Similar to the PID attitude control, fuzzy attitude control reads the angle of the CubeSat
and corrects itself. However, it also incorporates the CubeSat’s angular velocity for better attitude
13

determination. The two variables and their corresponding membership function rules table can be
seen in Table 1 below. The membership functions for the system are mapped out in Figures 4 - 6.
Table 1: Lookup table for reaction wheel fuzzy control
ω/s

NB

NS

Z

PS

PB

NB

PB

PB

PB

PS

Z

NS

PB

PB

PS

Z

NS

Z

PB

PS

Z

NS

NB

PS

PS

Z

NS

NB

NB

PB

Z

NS

NB

NB

NB

ω

Figure 4 Input angle fuzzy membership functions
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Figure 5 Angular velocity fuzzy membership functions

Figure 6 Output control voltage fuzzy membership functions
The table above can be interpreted as the controller readings values from the IMU. The
membership functions have corresponding ranges depending on the input and output variables. It
reads the input variables of angle and angular velocity, judges how much of a member it is on its
corresponding membership function, and outputs a membership function value based on the input.
The chosen membership functions are Negative Big (NB), Negative Small (NS), Zero (Z),
Positive Small (PS), and Positive Big (PB). Figure 4 shows how these membership functions are
mapped out. For fuzzy logic systems, the range of the possible states is normalized between 0 and
1. As seen in the figures above, the input angle variable has a range of -180 to 180 degrees,
15

angular velocity’s range is -5 to 5 radians per second, and the voltage output variable is -6 to 6
volts. The rule base judges how negative or positive input variables are and outputs a
corresponding output. For example, if the current angle difference is around -150 degrees, the
fuzzy system will judge that the measured input range is 0.6 NB, 0.4 NS, and 0 of the other states.
If the angular velocity of the CubeSat is spinning in an angular velocity of around -5 radians per
second, the fuzzy system will judge it as being 1 NB, and zero of all of the other states. Based on
these two input variable states and the rule base shown in Table 1, the controller will output a high
PB voltage in order to counteract the current angular velocity of the CubeSat and spin it in another
direction. Alternatively, if the current angle is largely negative, but the angular velocity is largely
positive, then the controller will not output anything, as the CubeSat is already spinning at the
correct angular velocity to achieve the desired angle. The amount of membership function
variables were chosen to maximize efficiency while minimizing radiation effect errors. Although
a higher amount of membership functions allow for greater accuracy and overall efficiency
improvement, the memory usage for computation becomes much greater, allowing for more
vulnerability in the controller design [1].

D.

Matlab/Simulink

Simulink is an online programming and modeling program used for simulating and
analyzing systems. Both of the controllers are modeled in Simulink to test ionizing radiation
effects, and the PID controller is represented in Figure 7 below.
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Figure 7 PID Controller Simulink Model
As seen in Figure 7, the model accepts a desired input angle. The PID controller outputs a
control voltage to control the motor, which spins the reaction wheel. The CubeSat spins based on
the conservation of momentum between it and the reaction wheel, given by the equation (8)
(8) 𝐼𝑤 𝜔𝑤 = 𝐼𝑐𝑠 𝜔𝑐𝑠
with 𝜔 representing angular velocity and 𝐼 representing moment of inertia. The abbreviations
“cs” and “w” represent the CubeSat and the reaction wheel, respectively. As seen in equation (9),
the angular velocity of the CubeSat is given by the angular velocity of the wheel multiplied by a
ratio of the moment of inertias of the two objects. Moment of inertia of a cube is given by
1

(9) 𝐼𝑐𝑠 = 𝑚𝑠 2 .
6
When modeling the CubeSat, the standard size parameters of 10 cm x 10 cm x 10 cm and
maximum allowable weight of 1 kg were used. The output angle is fed back into the PID
controller for a change in error sum such that the PID controller can correct itself over time. In
the physical implementation, this is measured and provided through the IMU.
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Figure 8 Simulink fuzzy controller model
The fuzzy controller design simulation can be seen in Figure 8. The fuzzy controller is
modeled almost entirely the same way; however, the fuzzy controller is also able to take in the
angular velocity of the CubeSat as an input variable to create a more responsive and efficient
system.
To accurately simulate the control of the motor, the specification constants of the chosen
motor was used [9]. These constants can be seen in Table 2.
Table 2 Motor constants
Nominal Voltage

6V

Terminal Resistance

22 Ω

Torque Constant

1.9 nN*m

Back-emf Constant

0.373 mV/ω/s

Friction Constant

0.019 mN*m

Inductance

0.57 mH

Rotor Inertia

0.69 g*cm2
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E.

Single Event Transient Simulations

In order to simulate single event effects, transient voltage pulses were at the outputs of
the controllers. A pulse width of 3 ms was used for all simulations. Transient voltages of 3, -3, 6,
and -6 V were introduced to test the response and recovery in the system’s steady state. This
pulse is modelled in Simulink by including a pulse generator after the two controller blocks. An
example of a 6 V transient pulse introduced into the system can be seen in Figures 9a and 9b.

Figure 9a Example of a pulse generator introducing a transient pulse into the system

Figure 9b: Example of a 6 V Transient Pulse

F.

Brushless DC Motor Control

Due to their superiority in a variety of aspects over stepper and other bi-directional
motors, brushless DC (bldc) is the most used motor for reaction wheel control with NASA and
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multiple other research projects [10]. However, they are much more complex and difficult to
control than other DC motors. The motor chosen for this project is a Faulhaber motor shown in
Figure 10 [9].

Figure 10 Faulhaber bldc motor used for the project
Brushless DC motors are synchronous motors that uses both AC and DC current, with
the AC current controlling each phase of the controller. Bldc motor rotors are driven through a
magnet located in the center of the motor. The motor uses three phases to energize multiple
stator windings located around the motor edges. When energized, these motor windings create
North and South poles to spin the magnet accordingly. For sensored bldc motors, three Hall
sensors are used to indicate stator and rotor positions. By reading data through the hall sensors,
the windings are energized with six MOSFETS controlled with PWM signals to rotate the
magnet at desired sequences and speeds. A diagram of the motor and windings can be seen in
Figure 11 [11].

20

Figure 11 Simplified diagram of brushless DC motor windings and magnet on the left with phase
input and control on the right.
As seen in Figure 11, based on the position of the magnet, an output digital signal is sent
through the hall sensors in the code seen around the magnet. Each signal shows a low or a high
output based on the degrees of measurement. Figure 12 shows a timing diagram of sensor versus
drive timing.
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Figure 12 Sensor vs drive timing diagram of a bldc motor.
The motor drives using a six-step sequence seen in the current phases on the right image
of Figure 11. This sequence can be seen at the bottom of Figure 12 and creates a series of 3-bit
code based on the sensor readings. Each phase of the motor comprises a high motor terminal, a
low motor terminal, and a floating terminal. As a result, if the Hall sensors output a value of 111
or 000, a fault exists within the motor system.
The high and low signals are representations of which MOSFETS are being activated.
Each motor phase is governed through a pair of MOSFETS. The pulse-width modulation (PWM)
signals convert input DC voltage into a driving voltage for each of the MOSFETS, and, in order
to prevent ripple currents and damages, a PWM frequency of at least an order of magnitude
higher than the maximum rotation speed is used [11]. A diagram of the MOSFETS can be seen
in Figure 13 below.
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Figure 13 MOSFET Three Phase Half-Bridge.

G.

Additional Hardware Materials

The controller used is an Arduino Mega 2560. The Arduino Mega allowed for more
flexibility in different forms of hardware setup for the motor control. Additionally, if attempting
three axis control, it is likely able to be performed on a single Arduino Mega, rather than three
Arduino Uno’s; however, for future research projects and implementation on single axis control,
an Arduino Uno is a feasible replacement, as it consumes less power.
A popular IMU is a GY-521, which integrates a MPU 6050, in which important
schematic information can be found in the Appendix. The MPU 6050 contains a three-axis gyro
and accelerometer, allowing for measurability of angle based on an initial set point and the
angular velocity of the chip itself. Figure 14 shows an image of the axis orientation of the chip.
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Figure 14 Orientation of MPU 6050 axes
As seen in Figure 14, three axis control only requires the use of one MPU 6050, but it
will also require two more motor drivers for the two other motors. For this project, only the zaxis was taken in consideration. The Arduino code integration example offers the three values
for each axis, so merely isolating the z-axis is not difficult. The z-axis of the code is divided by a
constant value of 30 to create a voltage range of -6 to 6 V, which is then fed into the input
variable of the PID controller. The PID controller outputs the necessary control voltage for the
motor, which is commutated by the Hall sensor inputs to digitally output the phase angle to spin
the motor at the desired speed. The fuzzy controller operates similarly: by using the z-axis angle
and inputting the z-axis angular velocity as inputs of the fuzzy system, the controller and output
the desired control voltage for the controller.
To operate the motor, a triple half bridge driver must be used due to the complexities of
the brushless dc motor. Allegro’s A4915 three–phase MOSFET driver is recommended, due to
its 5 to 50 V power rating. The A4915 microchip also possesses the ability to input the Hall
Sensors and perform the commutations itself, only requiring a voltage signal for the desired
speed. However, it does not have MOSFETS integrated within the microchip, causing the need
for an integrated circuit board containing not only the necessary resistors and capacitors, but also
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the three-phase MOSFET bridge. This chip is also appealing due to its low-power “sleep” mode:
when not in use, the chip draws minimal current not drain the battery.

IV. Results and Discussion
Simulations were carried out for 50 seconds and the desired input angle was chosen to be
180 degrees. The acquisition curves of the controllers are superimposed upon each other in
Figure 15.

Figure 15 Fuzzy vs PID controller acquisition curves
It can be observed and concluded that the PID controller is slightly underdamped while
the fuzzy controller is overdamped. However, despite its underdamped response, the fuzzy
controller obtains an acquisition plus settling time plus acquisition time of the desired angle
much faster, at around 32.655 seconds in comparison with the PID’s 48.655 seconds.
Unfortunately, reaction wheel control systems are already robust in response to transient
voltages. When reaction wheel failures occur, they are likely due to mechanical system failure,
rather than radiation effects [5]. The maximum angular velocity of the reaction wheel is around
600 radians per second; however, the wheel’s angular velocity will spin the CubeSat at a
maximum of around 5 radians per second. Therefore, if the wheel increases or decreases its
25

speed by 50, or even a couple hundred radians per second for a millisecond, there would be little
to no effect on the CubeSat. In order to observe a response to a transient error, transient voltages
of greater than a magnitude of 102 had to be introduced to recognize changes in the system. As a
result, the reaction wheel’s angular velocity is measured, rather than the CubeSat angle, with a
simplified fuzzy controller of only three membership functions for the three variables: Negative,
Zero, and Positive. Figure 16 shows the graphed membership functions of the input angle, Figure
17 shows both of the controllers’ responses to transient voltages, and the results are tabulated in
Table 3.

Figure 16 Input angle fuzzy membership functions of the simple controller
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Figure 17 Fuzzy and PID transient voltage responses
Table 3 PID and 3 MF fuzzy transient voltage responses
Controller
Type
PID
3 MF
Fuzzy

3V
Settling
Time (s)
3.75

-3 V
Settling
Time (s)
3.75

6V
Settling
Time (s)
4.23

-6 V
Settling
Time (s)
4.23

3 V error
magnification
(ω/s)
0.25

6 V error
magnification
(ω/s)
0.6

-3 V error
magnification
(ω/s)
0.25

-6 V error
magnification
(ω/s)
0.6

2.5

2.75

2.64

4.12

0.2

0.4

0.5

0.8

For the simulations, the reaction wheel angular velocity was set to 50 radians per second,
and the simulation ran for 20 seconds. The PID responded as expected to the transient responses.
As a result of it being underdamped, the PID controller oscillates before readjusting to the
original desired angular velocity. The PID controller reaches errors to 0.25 and 0.6 radians per
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second higher or lower than the desired angular velocity before settling back down after 3.75
seconds. On the other hand, due to the controller being overdamped, the fuzzy controller
magnifies the effects of the transient pulse before slowly reaching the desired angle with no
oscillation. For the negative transient voltages, the error is magnified such that it reaches 0.5 and
0.8 radians per second lower than the desired angle. However, for the positive transient voltages,
the error is only magnified to 0.2 and 0.4 radians per second higher than the desired angle, less
than the PID controller.
Also seen in Figure 16 is the accuracy difference between the two controllers. The PID
controller reaches the desired speed of 50 radians per second perfectly, but the fuzzy controller
reaches a speed of 49.75 radians per second. Regardless of this difference in speed, the CubeSat
reaches the desired angle of orientation faster using the fuzzy controller. The accuracy issue is
one of the major factors that set apart fuzzy and PID controllers, and, although it can be
mitigated with more membership functions, the math and computation time of employing more
membership functions quickly becomes complex.
However, a large difference is seen when utilizing the slightly more complex fuzzy
controller used for the experiment. The changes in the transient responses when adding two more
membership functions is seen in Figure 18. The results of Figure 18 are also tabulated in Table 4.
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Figure 18 Moderately complex fuzzy controller transient response
Table 4 PID transient response vs five membership function fuzzy transient response
Controller
Type
PID
5 MF
Fuzzy

3V
Settling
Time (s)
3.75

-3 V
Settling
Time (s)
3.75

6V
Settling
Time (s)
4.23

-6 V
Settling
Time (s)
4.23

3 V error
magnification
(ω/s)
0.25

6 V error
magnification
(ω/s)
0.6

-3 V error
magnification
(ω/s)
0.25

-6 V error
magnification
(ω/s)
0.6

0.224

3.45

0.265

3.92

0.171

0.323

0.252

0.371

As seen in Figure 18, the fuzzy controller responds differently than previously simulated.
The actual acquired angular velocity is much more accurate towards the desired angular velocity
than the previous simulation, with an acquired angle difference of around 0.02 radians per
second as compared to the previous difference of 0.25 radians per second. Moreover, the
controller overshoots rather than undershoots. For the 6 V transient pulse, the response is
extremely small, at only about 0.3 radians per second, and recovers incredibly quickly, at around
0.27 seconds. The 3 V transient pulse, had a response of 0.17 radians per second and a settling
time of 0.22. The -3 and -6 V pulses magnify the error slightly worse than the 3 and 6 V pulses at
0.25 and 0.371 radians per second, respectively. Although the -3 V transient response magnitude
is the same as the PID controller, the other pulses are much smaller than the observed PID
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controller responses. A closer comparison between the PID and the fuzzy controller can be seen
in Figure 19, where the difference is easily observed.

Figure 19 PID vs Fuzzy transient response comparison
Due to the non-linearity of fuzzy controllers, the simulation was swept among multiple
desired angular velocities, and their respective transient respnses were measured. The results can
be seen in Figures 22-35 in the Appendix and are tabulated in Tables 5 and 6. The data is
graphed on Figures 20 and 21.
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Table 5 Magnitude of error responses among multiple angular velocities of the 5 MF fuzzy
controller
Angular velocity
(ω/s)
-180
-150
-120
-90
-50
-45
-30
30
45
50
90
120
150
180

3 V Response
(ω/s)
0.191
0.195
0.208
0.235
0.252
0.252
0.252
0.223
0.179
0.171
0.125
0.110
0.106
0.092

-3 V Response
(ω/s)
0.092
0.106
0.110
0.125
0.171
0.179
0.223
0.252
0.252
0.252
0.235
0.208
0.195
0.191

6 V Response
(ω/s)
0.361
0.355
0.362
0.389
0.371
0.371
0.375
0.347
0.328
0.323
0.291
0.286
0.226
0.215

-6 V Response
(ω/s)
0.215
0.226
0.286
0.291
0.323
0.328
0.347
0.375
0.37
0.371
0.389
0.362
0.355
0.361

Magnitude of Error vs Angular Velocity
Angular Velocity Error (ω/s)

0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05
0
-180 -150 -120

-90

-50

-45

-30

30

45

50

90

120

150

180

Desired Angular Velocity (ω/s)
3V

-3 V

6V

-6 V

Figure 20 Graphed results of the error magnitude vs the desired angular velocity among the four
transient pulses
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Table 6 Settling times among multiple angular velocities of the 5 MF fuzzy controller
Angular velocity
(ω/s)
-180
-150
-120
-90
-50
-45
-30
30
45
50
90
120
150
180

3 V Settling
Time (sec)
2.887
2.916
3.169
3.25
3.45
3.48
3.55
0.245
0.237
0.224
0.218
0.2055
0.1445
0.131

-3 V Settling
Time (sec)
0.131
0.1445
0.2055
0.218
0.234
0.237
0.245
3.55
3.48
3.45
3.25
3.169
2.916
2.887

6 V Settling
Time (sec)
3.753
3.786
3.822
3.833
3.92
3.93
3.98
0.278
0.270
0.265
0.249
0.221
0.1885
0.173

-6 V Settling
Time (sec)
0.173
0.1885
0.221
0.249
0.265
0.270
0.278
3.98
3.93
3.92
3.833
3.822
3.786
3.753

Settling Time (sec)

Transient Settling Time Response vs Desired Angular
Velocity
4.5
4
3.5
3
2.5
2
1.5
1
0.5
0
-180 -150 -120

-90

-50

-45

-30

30

45

50

90

120

150

180

Desired Angular Velocity (ω/s)
3V

-3 V

6V

-6 V

Figure 21 Graphed results of settling time vs desired angular velocity among the four transient
pulses.
Overall, the settling times and error magnitudes are smaller than the PID controller.
When sweeping the PID controller across multiple angular velocities, the error magnitudes and
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settling times remain the same. However, with the fuzzy controller, the larger in magnitude the
desired angular velocity, a better transient response is observed. As seen in both Figures 20 and
21, the responses decrease in settling time and error magnitude as the desired angular velocity
approaches 180 or -180 degrees. Furthermore, when simulating a transient response at a desired
angular velocity, the responses will be exactly symmetrical with a transient response of the
negative value of the same desired angular velocity. As seen in the figures above, the graphed
line for the pulses are symmetrical around zero with their corresponding pulse of the opposite
sign. Additionally, it can be observed the magnitude of the error corresponds with the settling
time: a smaller magnitude results in a faster settling time.
When introducing a transient voltage pulse of the opposite sign of the desired angular
velocity, the controller has a larger error magnitude than a pulse of the same sign, and a slower
response. This is seen among all the simulations, and the large difference in values can be seen in
Figures 20 and 21, where the error magnitudes and settling times become much larger when
crossing zero. It is unknown what causes this asymmetrical response between pulses of opposite
signs, as the PID controller’s responses are symmetrical, but it is likely due to the errors crossing
multiple membership functions, resulting in the computation for the controller becoming more
complicated and, in turn, the controller being less responsive.

V.

Conclusion
Overall, the nonlinearity of the fuzzy controller provides a variety of results and

responses. As seen in the results shown in Figure 14, the fuzzy controller had a much faster
settling time when compared to the PID controller, despite its overdamped response.
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Furthermore, due to its overdamped response, there is no overshoot observed and no oscillation
when acquiring the desired angle, resulting in a faster and responsive controller.
When introducing the transient voltage pulses onto the system, the fuzzy controller
results vary widely when compared to the PID controller. The PID controller’s response is
mirrored for the both positive and negative pulses, with equal increases in magnitude for both
pairs. In the more simple fuzzy controller, the voltage transients of the opposite sign of the
desired angular velocity result in a response magnitude magnified more so than the PID
controller’s magnitude. The transient responses of similar signed voltages are slightly lower in
magnitude when compared to the PID controller.
Additionally, when introducing more membership functions, the fuzzy controller
responds much more robustly. The pulses of opposite signs of the desired angular velocity are
still magnified more than the positive pulses, but they still retain a better response in terms of
magnitude to the PID controller. For pulses of the same sign, the differences are far more
extreme. The magnitudes become much smaller, ranging from 0.01 to 0.3 radians per second
smaller depending on the magnitude of the desired angular velocity, and the settling times are
almost instant, averaging around three seconds faster than the PID controller.
Future research projects should be done to test the response to radiation effects. Previous
research has also shown that fuzzy controllers have a decrease in power consumption in
comparison to other controllers [12, 13, and 14]. Overall, fuzzy controllers have been
demonstrated to have a faster settling and reaction times, and a more robust controller in
response to single event transient errors, with a greater increase of robustness heavily dependent
on the amount of membership functions employed within the fuzzy controller and slightly
dependent on the magnitude of the desired angular velocity, but still have a slight accuracy error.
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If the accuracy issue is taken into account, and the user is able to create a fuzzy controller with
functional membership functions and rules, fuzzy controllers offer a faster response time in
regard to SET’s and a faster settling time overall, with the possibility of conserving more power
than a PID counterpart.
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VI. Appendix

Figure 22 30 ω/s transient response for the 5 Membership function fuzzy controller

Figure 23 45 ω/s transient response for the 5 Membership function fuzzy controller

Figure 24 50 ω/s transient response for the 5 Membership function fuzzy controller
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Figure 25 90 ω/s transient response for the 5 Membership function fuzzy controller

Figure 26 120 ω/s transient response for the 5 Membership function fuzzy controller

Figure 27 150 ω/s transient response for the 5 Membership function fuzzy controller
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Figure 28 180 ω/s transient response for the 5 Membership function fuzzy controller

Figure 29 -30 ω/s transient response for the 5 Membership function fuzzy controller

Figure 30 -45 ω/s transient response for the 5 Membership function fuzzy controller
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Figure 31 -50 ω/s transient response for the 5 Membership function fuzzy controller

Figure 32 -90 ω/s transient response for the 5 Membership function fuzzy controller

Figure 33 -120 ω/s transient response for the 5 Membership function fuzzy controller
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Figure 34 -150 ω/s transient response for the 5 Membership function fuzzy controller

Figure 35 -180 ω/s transient response for the 5 Membership function fuzzy controller
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Figure 36 MPU 6050 Datasheet Pin Assignments [15]
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Figure 37 Sample GY-521 Arduino pin connections [16]

42

Figure 38 A4915 Pin Assignments [17]
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Figure 39 A4915 Block Diagram [17]
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